Bulbil formation in Agave tequilana was analysed with the objective of understanding this phenomenon at the molecular and cellular levels. Bulbils formed 14-45 d after induction and were associated with rearrangements in tissue structure and accelerated cell multiplication. Changes at the cellular level during bulbil development were documented by histological analysis. In addition, several cDNA libraries produced from different stages of bulbil development were generated and partially sequenced. Sequence analysis led to the identification of candidate genes potentially involved in the initiation and development of bulbils in Agave, including two putative class I KNOX genes. Real-time reverse transcription-PCR and in situ hybridization revealed that expression of the putative Agave KNOXI genes occurs at bulbil initiation and specifically in tissue where meristems will develop. Functional analysis of Agave KNOXI genes in Arabidopsis thaliana showed the characteristic lobed phenotype of KNOXI ectopic expression in leaves, although a slightly different phenotype was observed for each of the two Agave genes. An Arabidopsis KNOXI (knat1) mutant line (CS30) was successfully complemented with one of the Agave KNOX genes and partially complemented by the other. Analysis of the expression of the endogenous Arabidopsis genes KNAT1, KNAT6, and AS1 in the transformed lines ectopically expressing or complemented by the Agave KNOX genes again showed different regulatory patterns for each Agave gene. These results show that Agave KNOX genes are functionally similar to class I KNOX genes and suggest that spatial and temporal control of their expression is essential during bulbil formation in A. tequilana.
Introduction
Agaves are semelparous plants with a relatively long life cycle (6-8 years in A. tequilana) and many species can reproduce both sexually and asexually. Asexual reproduction can be achieved through rhizome offsets and/or bulbils which form on the inflorescence (Arizaga and Ezcurra, 1995) . In Agave, bulbils are small plantlets that develop on the sides of pedicels when flowers are abscised (Szarek et al., 1996) . In the extreme environments in which most Agave species grow, vegetative reproduction offers a means of insurance of successful reproduction, whereas sexual reproduction involves high risks and a low likelihood of success due to the limited opportunities in space and time which are available. In contrast, vegetative propagules such as bulbils have the advantage of being attached to the mother plant during the early stages of their life cycle, ensuring a much higher probability of survival (Arizaga and Ezcurra, 2002) . Szarek et al. (1996) reported on bulbil production in Agave and other related genera such as Yucca and Dasylirion, and observed that the number of bulbils that an individual plant produces is highly variable, ranging from a few hundred to thousands per plant depending upon the species and the environmental conditions. Previous reports (Infante et al., 2003; Abraham-Juárez et al., 2009) have also shown relatively high levels of genetic variability between individual bulbils and between bulbils and the mother plant. This phenomenon could be important in evolutionary terms in allowing asexually propagated species to adapt to changing environmental conditions, and may have implications for selection and breeding in agronomically important species such as A. tequilana.
Bulbil formation is a rare phenomenon in nature and consequently has been poorly studied. It has previously been described as a form of pseudovivipary, where the flowering process is aborted and subsequent developmental changes produce new leaves or bulbils (Tooke et al., 2005) . The process may be based on a common genetic mechanism in different species and has been attributed to environmental conditions and intrinsic factors such as position within the inflorescence (Diggle, 1997) . In Titanotrichum oldhamii, bulbil formation begins in the axillary meristems immediately after physical manipulation of the shoot apical meristem (SAM) (Wang and Cronk, 2003) , suggesting that not only environmental factors but also hormonal regulation may be involved (Wang et al., 2004) .
Two main mechanisms for the development of new vegetative shoots have been proposed. One possibility is that an inactive subset of cells within the inflorescence retains meristem identity which is reasserted on induction of formation. Another possibility is that meristems are formed de novo in specific regions of the inflorescence when vegetative shoot induction occurs (Kerstetter and Hake, 1997; Tooke et al., 2005) .
At the molecular level, the leafy orthologue GFLO has been associated with bulbil formation in T. oldhamii (Wang et al., 2004) , and orthologues of the Arabidopsis thaliana genes LEAFY COTYLEDON (LEC1) and the class I KNOX gene SHOOTMERISTEMLESS (STM) have also been shown to be expressed in a cell type-specific manner in Kalanchoe¨during bulbil formation on leaves (Garces et al., 2007) . The class I KNOX genes (KNOTTED-like homeobox class I) are of particular interest since they show meristemspecific patterns of expression. It has been reported that these genes act by controlling the indeterminacy of cells in meristematic zones through interaction with cytokinins and gibberellins (Jasinski et al., 2006) . The KNOX gene family belongs to the homeobox group of transcription factors, and changes in their expression can generate altered morphologies, either through induction of a specific developmental programme or through interactions with different target genes (Reiser et al., 2000) . KNOX genes can be divided into two classes, which are conserved in angiosperms between monocots and eudicots. Most class I genes are involved in meristem function, and this group includes STM, KNAT1 (BREVIPEDICELLUS), KNAT2, and KNAT6 of A. thaliana.
In contrast, class II KNOX genes show different expression patterns and their role in development is unclear (Scofield and Murray, 2006) . Analyses of loss-of-function mutants of Arabidopsis have shown that homozygous stm mutant lines do not form a SAM (Long et al., 1996) ; however, overexpressing KNAT1 in these mutant lines rescues the formation of the SAM (Scofield et al., 2008) . Arabidopsis knat1 mutant plants are small with short pedicels and downward-pointing siliques in comparison with wild-type plants (Douglas et al., 2002; Venglat et al., 2002) , whereas mutants in the KNAT2 and KNAT6 genes show no characteristic phenotype.
No detailed analysis has previously been carried out on the morphological changes occurring during bulbil formation in Agave and nothing is known about transcriptional changes and genes controlling this process. The object of this study was therefore to determine the developmental events occurring during bulbil formation in Agave, based on histological analysis and the possible role of the Agave KNOX genes in this process. To this end, bulbils were induced on flowering A. tequilana plants and samples taken to carry out histological and transcriptional analysis throughout the period of bulbil development. Analysis of Agave transcriptome data (A Martínez-Hernández et al., unpublished data) led to the identification of two putative Agave class I KNOX genes. Qualitative and real-time PCR and in situ hybridization assays revealed the expression patterns of these genes in A. tequilana.
To date the only reported transformation protocol for Agave is that of Flores-Benitez et al. (2007) , which describes an Agrobacterium tumefaciens transformation protocol for A. salmiana based on callus formation and embryogenesis. However, the efficiency is low and the protocol time consuming. Therefore, functional analysis of the Agave class I KNOX genes was carried out by transformation of wild-type and knat1 mutant A. thaliana lines.
Materials and methods

Plant material
Bulbils were induced by removing floral buds before anthesis from A. tequilana plants located in Irapuato, Guanajuato State, Mexico. Pedicel samples were taken from induced plants during a 3 month period until vegetative shoots (bulbils) were visible. In total six initial stages of bulbil development were sampled (S0-S5), ranging from immediately after induction to the formation of defined vegetative structures, and used to produce cDNA libraries and carry out histological, real-time PCR and in situ hybridization assays. Wildtype A. thaliana plants ecotype Col 0 and the Ler knat1 mutant line (Douglas et al., 2002; Venglat et al., 2002) (stock number CS30) supplied by the ABRC were used for functional genetic analysis.
Histological analysis
An ;4 mm 2 section of pedicel tissue from each developmental stage was dissected around the bracteoles (as shown in Fig. 1B ) and then fixed for 7 d at room temperature in FAA fixation buffer (3.7% formaldehyde, 50% ethanol, and 5% acetic acid). Samples were then dehydrated through a graded ethanol series and embedded in paraffin. Blocks were sectioned longitudinally in relation to the pedicel at 8 lm thickness using a retracting microtome (LKB BROMMA, Sweden) and were double-stained using Darrow's protocol (1944; in Clark, 1981) , with aniline blue for detection of meristematic tissues and safranin for detection of lignified cell walls. Photography was carried out using an Olympus BX60 microscope fitted with an Olympus DP71 camera. cDNA library construction Poly(A) + RNA from the dissected pedicel tissue described above was isolated using protocols previously established (Martínez-Hernández et al., 2010) and used for construction of three cDNA libraries, each combining two stages of bulbil development (S0 and S1, S2 and S3, or S4 and S5) as described in the CloneMiner Ò cDNA Library Construction Kit (Invitrogen). The cDNAs were cloned into the pDONR222 vector creating a library of Gateway entry clones. Approximately 6000 expressed sequence tags (ESTs) were sequenced in a single direction (5#) on an Applied Biosystems Sequencer Model 3730XL at the National Laboratory of Genomics for Biodiversity (LANGEBIO), CINVESTAV. Low quality and vector sequences were removed by routine processing, and high quality ESTs were analysed by BLAST to available public databases and to Agave ESTs obtained from different tissues and developmental stages (A Martínez-Hernández et al., unpublished data).
Sequence analysis
Clustal W software (Larkin et al., 2007) was used for multiple sequence alignments. The phylogenetic trees were constructed using Neighbor-Joining, maximum parsimony, and UPGMA algorithms implemented in the MEGA software suite (http:// www.megasoftware.net/); 1000 bootstrap replicates were performed. Agave KNOX cDNA sequences determined in this work have been deposited in GenBank under accession numbers: GU980050 (AtqKNOX1) and GU980051 (AtqKNOX2).
Quantitative and qualitative RT-PCR analysis
Real-time reverse transcription-PCR analysis (qRT-PCR) was carried out for all stages of bulbil development, and RT-PCR for different plant organs including apical meristem, leaves, tepals, roots, anthers, and ovaries. Total RNA was isolated from these tissues using the PureLinkä Micro-to-Midi Total RNA Purification System (Invitrogen) according to the manufacturer's instructions. cDNA was synthesized using an oligo(dT) primer, 1 lg of RNA, and SuperScriptä II Reverse Transcriptase (Invitrogen). All samples were run in duplicate and PCR was carried out on three independent replicates. The specific primers used for RT-PCR and qRT-PCR are shown in Table 1 . PCRs were performed under the following conditions: 94°C for 5 min, 30 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 1 min, and a final extension step at 72°C for 7 min. PCRs for endogenous Arabidopsis genes were carried out as described previously (Kumar et al., 2007) . Control reactions in Agave were carried out using specific primers for the UBQ 11 gene, and for Arabidopsis the ACT2 gene was used. For qRT-PCR, the 7500 Real Time PCR System (Applied Biosystems) was used. SYBR Green PCR Master Mix was used for all reactions according to the manufacturer's protocol. Gene expression was normalized by subtracting the C T value of the control gene from the C T value of the gene of interest. Average expression ratios were obtained from the equation ( In situ hybridization In situ hybridization was carried out using the same histological preparations for bulbil tissue described above. The inflorescence meristem (IM) sample was taken from a 1 m tall inflorescence stalk and used as a control for KNOXI gene expression. The synthesis of riboprobes was carried out using the SP6/T7 in vitro transcription kit (Promega), incorporating UTP-digoxigenin (Roche) as the label and using a PCR product amplified with specific primers as the template. In situ hybridization experiments were carried out as described in Ruiz-Medrano et al. (1999) and Jackson et al. (1994) . Detection was carried out with NBT/BCIP (Roche). Photographs were taken using an Olympus BX60 microscope fitted with an Olympus DP71 camera.
Heterologous expression of A. tequilana KNOX genes in wild-type and knat1 mutant A. thaliana plants Transgenic plants ectopically expressing the Agave KNOX genes under the control of the cauliflower mosaic virus (CaMV) 35S promoter were generated by transferring full-length cDNAs from the pDONR222 vector to the expression vector pB7WG2D (Karimi et al., 2002) by recombination using Gateway LR Clonase enzyme mix (Invitrogen). The recombinant products were introduced into the A. thaliana Col 0 genome via the A. tumefaciensmediated transformation system using the protocol reported by Martínez-Trujillo et al. (2004) and the GV2260 strain of A. tumefaciens (McBride and Summerfelt, 1990) . Thirty independent T 0 lines were obtained for each construct. Seven lines (12 plants for each line) for each construct segregating 3:1 were grown to select lines homozygous for the KNOX gene insertions. Six homozygous lines for each construct were chosen for phenotype and RT-PCR analysis, all of which showed similar altered phenotypes. The Landsberg erecta (Ler) knat1 homozygous mutant line (stock number CS30) supplied by the ABRC was also similarly transformed. A similar selection process to that described above was carried out for the complemented mutant lines to obtain homozygous lines for each gene construct.
Results
Morphological and histological description of bulbil formation in A. tequilana
In order to describe in detail the process of bulbil formation in A. tequilana and determine whether this process involves preformed or de novo formation of meristems, bulbils were induced by removing floral buds (Fig. 1A, B) . Samples of the bracteolar zone on the pedicel at different stages of bulbil development were taken. Bulbils formed close to the axils of the bracteoles (Fig. 1B) and clusters of individually developing bulbils were recognizable within 14-45 d after induction. Three individual plants were induced annually for 4 years and it was observed that plants under stress (removed from the original site or in conditions of excess water) produced bulbils more quickly. Bulbils only formed on localized sections of the inflorescence from where floral buds had been removed, whereas undisturbed flowers matured to produce capsules and seeds as normal (Fig. 1C) . This suggests that regulatory signals for floral and/or vegetative modes of development are localized and are unable to redirect development in other regions of the inflorescence. In certain cases at later stages of bulbil development where developing plantlets are visible, some floral structures appear together with the vegetative bulbils (Fig. 1D ), suggesting that a mixture of developmental signals is present in this tissue. Most of these floral structures do not develop completely and are unviable.
Based on morphological and histological observations, bulbil development was divided into six stages, S0, S1, S2, S3, S4, and S5, after removal of floral buds. Stage S0 is immediately after removal of floral buds ( Fig. 2A) , and histological analysis of longitudinal sections stained with safranin/aniline blue shows discrete cell layers and no strongly stained cells or structures (Fig. 2F ). S1 occurs ;14 d after induction, although no difference is observed at the morphological level in relation to S0. At this stage, red-(safranin) stained epidermal cells can be observed close to the cleft near the bracteole, indicating lignification, and underlying cells now show a more disordered pattern of growth (Fig. 2G ). Stage S2 clearly shows swelling and some necrosis on the pedicel just above the bracteole cleft (Fig. 2B) , and the histological analysis shows the formation of a dome of lignified, dead or dying cells (Fig. 2H) . As in S1, unordered cell growth (blue staining) is observed below the lignified region. In S3, swelling and necrosis is obvious, indicating the region where bulbils will appear (Fig. 2C ), and at the histological level a lignified crater of dead and necrotic cells is observed (Fig. 2I) . At S4, the region of growth has expanded (Fig. 2D ) and individual vegetative structures can be observed to have erupted from the necrotic crater. The globular vegetative structures observed have no well-defined meristematic structure, and vascular structures can be observed as dark blue-stained groups of cells in the histological sections (Fig. 2J) . At S5, developing bulbils are clearly visible (Fig. 2E) ; developing leaf primordial and strongly stained meristematic cells with a structure very similar to that of normal SAMs can be observed in the histological analysis (Fig. 2K ). S5 is a mixture of all stages because bulbil initiation continues throughout all stages.
Identification of Agave KNOX genes expressed in association with bulbil development
The developmental reprogramming necessary to produce bulbils implies important changes in gene expression in 
order to respond to signals for vegetative growth, to induce or reactivate meristems, and undergo organogenesis. To identify genes potentially involved in this process, RNA samples were obtained at each of the six stages of bulbil development (S0-S5) described above and used to construct three cDNA libraries. Around 6000 bulbil-derived EST sequences were generated and used to carry out BLAST analysis to available public sequence databases and EST libraries prepared from other Agave tissues (A Martínez-Hernández et al., unpublished). Interestingly some of the ESTs found in the bulbil libraries show homology to either genes encoding uncharacterized proteins from Arabidopsis and rice or genes known to be important for meristem maintenance, cell division, and differentiation, such as KNOX, YABBY2, MADS box, and WIP (data not shown). Given the wealth of information available on KNOX gene function and previous reports describing their importance for the development of vegetative meristems in A. thaliana, Dendrobium nobile, and Kalanchoe daigremontiana (Chuck et al., 1996; Yu et al., 2000; Garces et al., 2007) , this gene family was chosen for further detailed study of the role it may play in bulbil formation in A. tequilana. Two distinct KNOX class I genes were identified, one derived from ESTs found in cDNAs obtained from IM tissue, and the other from ESTs found predominantly in bulbil-derived cDNAs but also from IM tissue. Sequence alignments at the amino acid and nucleotide level were carried out using Clustal W (Larkin et al., 2007) , and a tree showing the relationship of the A. tequilana sequences to well characterized KNOX sequences from other species was produced (Fig. 3A) . The IM-associated KNOX sequence was named AtqKNOX1 (GenBank accession no. GU980050) since it is closely related to the maize and wheat Kn1 genes in the KNAT1 subgroup, and the bulbil-associated KNOX sequence was named AtqKNOX2 (GenBank accession no. GU980051) based on the close relationship to KNOX1 from D. nobile within the KNAT2 subgroup (Fig. 3A) . Full-length cDNA clones were identified for both genes, and alignments show that they possess the four domains characteristic of the KNOXI family (Bellaoui et al., 2001) (Fig. 3B ). Several differences in amino acid sequence can be observed between the two Agave KNOX gene products even within the conserved domains and especially in the N-terminal region.
Analysis of KNOX gene expression in A. tequilana
To determine the pattern and levels of expression of AtqKNOX1 and AtqKNOX2, RT-PCR was carried out for different plant tissues and qRT-PCR was carried out for the six stages of bulbil development. Figure 4A and B shows that AtqKNOX1 and AtqKNOX2 are differentially expressed in different plant tissues. Whereas AtqKNOX1 is strongly expressed in the apical meristem and at lower levels in all other tissues, AtqKNOX2 shows a similar level of expression in all tissues except leaf tissue where a very low level of expression was observed (Fig. 4A) . qRT-PCR analyses of the stages of bulbil formation also show differences in expression patterns between the two genes. A relatively low level of expression of both genes is observed at S0, which further decreases for both genes at S1. However at S2, whereas the level of AtqKNOX1 expression continues to drop, AtqKNOX2 expression increases strongly and continues to increase until S5. At S3, AtqKNOX1 expression also rises until S5 but never reaches the level of AtqKNOX2 (Fig. 4B) . The different expression patterns suggest that AtqKNOX1 and AtqKNOX2 may have different functions during bulbil formation.
In order to obtain detailed information on the spatial pattern of expression of AtqKNOX1 and AtqKNOX2 at the level of individual cells during bulbil formation, in situ hybridization was carried out for both genes (Fig. 5A) . The in situ hybridization shows that expression of AtqKNOX1 cannot be clearly observed until stage S4 where a low level of expression is observed in globular pre-meristem structures. In S5 where mature meristems are visible, expression of AtqKNOX1 is confined to a compact group of cells within the meristem dome and is not observed in associated leaf primordia. This expression pattern contrasts with that observed in the Agave IM shown for comparison, where AtqKNOX1 expression is observed in both the meristem dome and umbel primordia.
AtqKNOX2 expression can clearly be observed in a defined group of cells located below the bracteole cleft from stage S2. In S3, AtqKNOX2 expression increases in this localized region and in S4 can be observed in the globular structures which are precursors to mature meristems. At S5, mature meristems can be observed, and AtqKNOX2 expression is observed in both the meristem dome and leaf primordia. This pattern of expression is very similar to that observed for AtqKNOX2 expression in the IM which is shown for comparison. No hybridization signal was observed when 'sense' RNA probes were used (Fig. 5B) .
The in situ hybridization results reflect those observed by qRT-PCR analysis and indicate different patterns of expression for the Agave KNOX genes at the cellular level. The expression patterns observed suggest that AtqKNOX2 expression is important in both the early and late stages of bulbil development, whereas AtqKNOX1 is only expressed in later stages when individual meristems have already been established.
Functional analysis of A. tequilana KNOX genes in A. thaliana
Given the constraints of transformation and analysis directly in A. tequilana, functional analysis of the A. tequilana KNOX genes was carried out using A. thaliana. Thirty independently transformed lines were obtained for each 35S::AtqKNOX1 or 35S::AtqKNOX2 construct. When AtqKNOX1 and AtqKNOX2 were expressed in A. thaliana ecotype Col 0 under the control of the 35S CaMV promoter, a very clear phenotypic effect producing lobed leaves was observed (Fig. 6, Supplementary Fig. S1 available at JXB online) which strongly resembles the phenotype observed on overexpression of the endogenous A. thaliana KNAT1 gene (Fig. 6E) , although the Agave KNOX-expressing lines are also smaller in size than the KNAT1-overexpressing line. Wild-type plants are shown for comparison (Fig. 6B, H) . Alteration in leaf shape was observed from generation T 0 (in all independently obtained lines although with different degrees of severity), and in homozygous T 2 lines the lobed phenotype was more pronounced when expression of the heterologous genes was highest (as confirmed by qRT-PCR, Supplementary Fig. S1 ). However, although the 35S::Atq-KNOX2 construct was expressed to higher levels (at least in the representative plants chosen for analysis), the 35S::Atq-KNOX1 construct produced a more severe phenotype (Fig. 6A, D, G ). Other differences in phenotype observed on ectopic expression of the Agave KNOX genes were the formation of pronounced lobes in early leaves of 35S::AtqKNOX2-transformed plants (Fig. 6C ) which were absent in 35S::AtqKNOX1 transformants, and in mature siliques, stamens, sepals, and petals remain attached in the 35S::AtqKNOX2 transformants whereas this is not the case for wild-ype or 35S::AtqKNOX1-transformed plants. 35S::AtqKNOX2 also showed slightly thinner petals as compared with the other genotypes (data not shown). Both transformed lines flowered later in comparison with the wild type (data not shown). These results suggest that the Agave KNOX genes are functionally equivalent to the A. thaliana KNOX genes, although differences in levels of expression and phenotypic penetrance between them were observed. To confirm this observation, an A. thaliana line (CS30) of ecotype Ler mutated in KNAT1 (Douglas et al., 2002; Venglat et al., 2002) was transformed with the A. tequilana 35S::KNOX constructs. Sixteen independent lines were obtained for each construct and homozygous T 2 lines were produced for phenotype analysis. The mutant line (Fig. 7E,  F) is much shorter than the wild type (Fig. 7A, B) and has downward-pointing pedicels and siliques (Fig. 7F) . Transformation with 35S::AtqKNOX1 only partially rescues the knat1 phenotype, producing slightly taller plants with horizontal rather than downward-pointing siliques (Fig. 7G, H) . This phenotype was observed from the T 0 generation in all lines, although with different levels of severity, and homozygous lines were selected for detailed analysis. Transformation with 35S::AtqKNOX2 completely rescues the phenotype of knat1, in terms of both height and orientation of the siliques (Fig. 7C, D) . Again all 16 lines showed complementation with a gradient of severity, and selected homozygous lines were used for phenotype and RT-PCR analysis. In the more severely affected lines a new phenotype in the AtqKNOX2 complemented mutant is also observed (Fig. 7D) , where floral tissue remains attached at the base of the siliques similar to that observed for 35S::AtqKNOX2 ectopic expression in the wild-type Col 0 background described above. These results again suggest that AtqKNOX1 and AtqKNOX2 play functionally different roles. In A. thaliana, a complex interaction between the different class I KNOX genes takes place, where KNAT1 represses KNAT6 in the inflorescence, confining KNAT6 expression in nodes (Ragni et al., 2008) . Other genes such as AS1 and AS2 are also known to repress KNOX gene expression . To determine whether the Agave KNOX genes could affect the expression patterns of endogenous A. thaliana KNAT1, KNAT6, and AS1 genes in a similar way to overexpressed Arabidopsis KNAT1 and whether this could explain the differences in phenotypes observed in the Arabidopsis lines ectopically expressing the 35S::AtqKNOX constructs, RT-PCR analysis of endogenous KNAT1, KNAT6, and AS1 expression was carried out on leaves of Agave KNOX-and Arabidopsis KNOX-overexpressing lines, and in stem and floral node tissue of the knat1 mutant line complemented by the 35S::AtqKNOX1 or 35S::AtqKNOX2 constructs; the knat1 line and the wild-type plants were included as controls.
In wild-type leaves, endogenous A. thaliana KNOX genes are repressed due to a negative interaction with the AS1-AS2 complex and this is confirmed in the results shown in Fig. 8A . Ectopic expression of the A. thaliana KNAT1 gene leads to a reduction of AS1 transcript levels. Ectopic expression of AtqKNOX1 also leads to ectopic expression of endogenous KNAT1 and KNAT6 genes in leaf tissue together with slightly higher expression of AS1 (Fig. 8A) . Misexpression of KNAT1 and KNAT6 together with AS1 could account for the more severe phenotype observed for the 35S::AtqKNOX1 lines. In contrast, 35S::AtqKNOX2 lines show only very low levels of ectopic KNAT1 and KNAT6 expression and reduced levels of AS1 expression (Fig. 8A ) similar to that observed for KNAT1 overexpression. Results of RT-PCR expression in stems and floral nodes confirm previous reports that KNAT1 is strongly expressed in this tissue, leading to repression of KNAT6 in stem tissue in the wild type where KNAT6 expression is reduced in this tissue, but increased in the knat1 mutant (Fig. 8B) . Expression of 35S::AtqKNOX1 in the knat1 mutant background has no effect on KNAT6 expression, whereas expression of 35S::AtqKNOX2 complements the molecular effect of Arabidopsis KNAT1 on KNAT6 in this tissue, reproducing the wild-type expression pattern. These results correlate well with the ability of AtqKNOX2 to complement knat1 completely, whereas complementation by AtqKNOX1 is partial. It may be that repression of KNAT6 in stems is necessary in order to recover the wild-type phenotype.
Discussion
This is the first detailed report in the genus Agave of the formation of bulbils at the morphological, histological, and molecular level. Removal of floral buds induces the formation of clusters of bulbils in defined regions of the pedicel very close to the axils of the bracteoles. Induction leads initially to a swelling of the area under a crown of lignified cells which will eventually die. Due to increased cell division and growth underneath this area, the swelling increases until the newly formed vegetative structures erupt through the dead and necrotic tissue. From the histological analysis of initial stages S1-S3, globular pre-meristem structures were observed which developed into vegetative meristems similar to those of normal SAMs. However, no evidence of pre-formed meristems that could give rise to bulbils was found and, similarly, clear evidence for somatic embryogenesis or a separate vascular system could not be observed in immature bulbil structures. These results suggest that the vegetative structures which develop into bulbils are produced from meristems which form 'de novo' and undergo organogenesis, as proposed by Tooke et al. (2005) .
The pattern of expression of the Agave KNOX genes as shown by RT-PCR and in situ hybridization correlates well with the histological analysis of bulbil development and with previous reports of expression of KNOX family genes in other species, with low levels of expression in leaves and highest expression in meristematic tissue (Hake et al., 2004; Hay and Tsiantis, 2009 ). In addition, the Agave KNOX genes are differentially expressed during bulbil formation and in specific groups of cells. This is in agreement with reports of the importance of KNOX gene expression for the formation of new meristems in A. thaliana, K. daigremontiana, and D. nobile (Chuck et al., 1996; Yu et al., 2000; Garces et al., 2007) . The expression pattern observed suggests that AtqKNOX2 is necessary for the initial stages in the formation of new meristems, whereas AtqKNOX1 is probably involved in the maintenance and development of the new apical meristems associated with mature bulbil formation. The presence of pre-formed meristems cannot be completely ruled out, but another interesting observation in relation to this is the fact that no cDNAs related to the third group of class I KNOX genes, STM (see Fig. 3A ), were found in the Agave transcriptome database. Mukherjee et al. (2009) describe the analysis of KNOX genes from a wide range of species and suggest that there are no STM orthologues in monocots based on analysis of rice and corn. However, in the dendrogram presented in Fig. 3 sequences from two monocots, Elaeis guineensis and Ruscus aculeatus, are found to group within the STM cluster. Ruscus aculeatus and A. tequilana are both members of the Asparagaceae family and, therefore, based on these reports it could be expected that STM would also be present in Agave. An STM gene in K. diagremontiana was found to be specifically expressed in meristematic tissue from very early stages of bulbil formation, and in Arabidopsis the STM class genes are not only involved in the formation of meristems in developing embryos, but are expressed throughout shoot meristem tissue and in the central region of inflorescence and floral meristems (Hake et al., 2004) . The KNAT1/KNAT2 class I genes, however, are expressed in different subdomains of these tissues (Hake et al., 2004) . It is possible, therefore, that either the AtqKNOX1 or AtqKNOX2 genes carry out the functions of the STM class genes in Agave or that Agave STM class genes are specifically expressed only during particular stages of development such as embryogenesis.
The process of bulbil formation in Agave is clearly distinct from other species since a profusion of meristems is produced in a very small region, which apparently has no defined shoot meristems or IMs, whereas in Kalanchoeä single meristem develops in clearly defined tissues of the leaf (Garces et al., 2007) and in Titanotrichum the floral meristem either reverts to produce a vegetative structure or produces a defined cluster of new vegetative meristems (Wang and Cronk, 2003) .
The induction of bulbils in Agave also seems to be based on localized signals since unaffected floral buds produce capsules and seeds on an inflorescence, producing asexual bulbils, probably due to localized changes in hormone concentrations. This notion is supported by recent reports for A. thaliana which have shown that auxin can repress KNOX gene expression and that cytokinins modulate auxininduced organogenesis (Hay et al., 2004; Jasinski et al., 2006; Hay and Tsiantis, 2009 ). The occasional presence of conflicting signals is shown by the development of both bulbils and flowers in the same tissue, as shown in Fig. 1D .
Heterologous expression of the Agave KNOX genes in A. thaliana confirmed that they can functionally mimic the endogenous genes to produce the overexpression phenotype, and in A. thaliana the Agave KNOX genes also show different regulatory effects. It is interesting that although AtqKNOX2 is more closely related to KNAT2 and KNAT6 of A. thaliana at the sequence level, at the functional level it is more closely related to KNAT1. In contrast, AtqKNOX1 is more closely related to the A. thaliana KNAT1 gene at the sequence level but does not completely complement the knat1 mutation at the morphological or molecular level, even though it is expressed to a higher level. The heterologously expressed genes are under the regulation of the same promoter, therefore differences in phenotype must be caused by the expressed protein.
Although both AtqKNOX1 and AtqKNOX2 contain the MEINOX, ELK, GSE, and homeodomain features typical of the KNOX family, the GSE domain (a signal for regulation of protein degradation) in AtqKNOX1 shows differences at three amino acids in comparison with AtqKNOX2 and A. thaliana KNAT1 which are identical in this domain. In addition one of the substituted amino acids is an aromatic rather than a hydrophilic amino acid. Deletion of the GSE domain of a rice KNOX gene homologue led to a more severe phenotype on overexpression probably due to a lower turnover (degradation) of the protein (Nagasaki et al., 2001 ). The differences observed on ectopic expression of AtqKNOX1 in A. thaliana could also be due to misregulation of AtqKNOX1 by a similar mechanism.
The heterologous expression of the Agave genes in A. thaliana also led to some interesting observations on their molecular interactions and effects on the regulation of the endogenous A. thaliana KNOX genes. The combined results from ectopic expression, complementation, and RT-PCR revealed interactions between the A. thaliana KNOX genes similar to those previously reported where KNAT6 is repressed by KNAT1. The phenotype observed on overexpression of AtqKNOX2 where floral structures remain attached to mature siliques has not previously been reported for KNOX genes, and this may indicate an interaction between members of the KNOX gene family and other gene families known to produce this phenotype such as Agamous like (AGL15) (Fernandez et al., 2000; Fang and Fernandez, 2002) .
In conclusion, bulbil formation in A. tequilana was shown to occur most probably by the initiation of many new meristems close to bracteoles on the pedicel tissue of induced inflorescences. Removal of floral buds led to a local induction of bulbils possibly due to disruption of the auxin/ cytokinin balance in this region. Induction of bulbils was found to be closely associated with expression of Atq-KNOX2, and both AtqKNOX2 and AtqKNOX1 are expressed in newly established vegetative propagules. Heterologous expression of the Agave genes in Arabidopsis proved to be a successful strategy for characterization of gene function and to extend observations on the regulation of endogenous A. thaliana KNOX genes.
Preliminary data have led to the identification of several additional genes specifically expressed during bulbil development. The challenge is now to determine in detail how bulbil induction in A. tequilana is controlled at the molecular level and in particular the role of previously uncharacterized and/ or bulbil-specific genes in this process.
Supplementary data
Supplementary data are available at JXB online. Figure S1 . Real time RT-PCR of AtqKNOX1 and AtqKNOX2 in three independent, homozygous, ectopically expressing lines. The phenotype progressively decreases in severity as expression levels decrease. Note the difference in size; more severely affected lines are smaller than the other lines and the wild type. Bars are 1.0 cm. 
